Horizontal gene transfer (HGT) plays a significant role in microbial evolution. It can accelerate the adaptation of an organism, it can generate new metabolic pathways and it can completely remodel an organism's genome. We examine 27 closely related genomes from the YESS group of gamma proteobacteria and a variety of four-taxon datasets from a diverse range of prokaryotes in order to explore the kinds of effects HGT has had on these organisms.
INTRODUCTION
The amount of horizontal gene transfer (HGT) that is observable in completed genomes makes it impossible to define a single unifying phylogenetic tree that can describe the evolutionary history of all prokaryotes. HGT confuses and confounds prokaryotic relationships by implying different, incongruent relationships within a set of taxa. The set of relationships derived for a particular gene is a combination of both the vertical and the horizontal history for that gene. Alongside that, it is impossible to find a species concept or definition that will please everybody. What constitutes a species barrier between prokaryotic genomes? When should two prokaryotic genomes be considered to be different species, as opposed to simply different strains of the same species? In this study, we investigate the evolutionary history between a group of closely related prokaryotic genomes using a variety of methods and filters, to determine if the genomes can be separated into distinct species in the face of HGT and high levels of sequence similarity. This will be an important aspect of future phylogenetic studies; prokaryotic genomes are now relatively inexpensive and easy to sequence. The level of sampling we have for the different prokaryotic 'species' is rapidly increasing. Moving forward, it is important to adapt our strategies for determining and classifying these relationships.
Recently, we have questioned whether or not there is a future for the Tree of Life metaphor (Dagan & Martin 2006) . Many have gone further and feel that the time has long since gone when this metaphor was useful (Doolittle & Bapteste 2007) . The central issue is that HGT has affected all or nearly all genes in every genome at one stage in their evolutionary history (Dagan & Martin 2007; Dagan et al. 2008) . The most recent estimate is that in each genome an average of 81+15 per cent of the genes have experienced an HGT event at some stage (Dagan & Martin 2007) . In the next few years, we must precisely describe how the prokaryotic world, in particular, is structured and what exactly HGT has done.
There are two categories of HGT events: homology dependent and homology independent (though the most important factor is similarity level, not whether the sequences are homologous). Homologous recombination, according to Ochman et al. (2005) , occurs mainly within a bacterial species, but there is very little recombination (approx. 1%) between any given species and its close relatives. However, the process of nonhomologous recombination or the introduction of new genes that have no similarity to incumbent genes is mostly a process that involves organisms that we consider to be very far outside the species boundary. In referring to non-homologous recombination, we also encompass recombination events where regions with no significant similarity to anywhere in the recipient genome are carried into that genome by flanking regions that do have similarity to the recipient genome. Lawrence (2002) has put forward the theory that integration of foreign non-homologous DNA into a genome is a driver of speciation in prokaryotes, and this is a testable hypothesis.
On the question of what boundaries might exist that prevent a gene from being successfully incorporated into a recipient genome, Sorek et al. (2007) have indicated that gene dosage and promoter structure might be barriers. By contrast, it has been our opinion ) that the barriers to HGT, if they exist, might be very low. However, these opinions relate to the artificial scenario where barriers to HGT have been measured in vitro.
In this article, we have taken an exemplar densely sampled set of genomes, from the YESS group of prokaryotes, and examined a number of methods that are routinely used in order to infer phylogenies. We want to explore what might happen if trees of genomes or subsets of genomes are inferred. Additionally, we have explored the apparent rate of HGT for a diversity of organisms.
(a) What is a bacterial species? What seems indisputable is that we can identify organisms that have synapomorphies, both genetic and phenotypic. However, even though we recognize groupings, we do not have a bacterial species concept and we do not understand how these groupings (species, subspecies, even genera) form. Multi-locus sequence analysis (Gevers et al. 2005) has shown that there is some structure among currently defined species (Falush et al. 2001; Kidgell et al. 2002; Achtman & Wagner 2008 , Buckee et al. 2008 . However, this kind of analysis, which has been carried out extensively in thousands of isolates, has the limitation that it only examines the evolutionary history of a set of core genes. Not only does this limit the amount of information used in the analysis, core genes are not representative of the rest of the genes in a genome in terms of factors such as functional category and rate mutation. For a modern system of classification to work, it must use complete genomes and be able to accommodate HGT.
The concept of prokaryotic species is difficult to address, and there is considerable diversity of opinion on what constitutes a species among the prokaryotes. HGT might be considered to be a form of sex and, therefore, all prokaryotes might be considered to be a single species. Alternatively, we might consider a species to be an 'irreducible cluster' of organisms (Staley 2006) , and this seems in many ways to be sensible. Staley has advanced the idea that we might use a genomic-phylogenetic species concept (Staley 2006 ). Doolittle has suggested that if a species concept is not needed, we should let it go, whereas if it can be found, it might be useful (Doolittle & Papke 2006; Papke et al. 2007) .
At the moment, we have a polyphasic definition of a bacterial species. Depending on the data that are available, this polyphasic definition can involve the use of ribosomal RNA sequence identity, reciprocal DNA -DNA reassociation values, biochemical traits and so forth. In this paper, we take as an example the YESS group of g-proteobacteria and we examine what kinds of phylogenetic signals we get when we use different parts of genomes, different genes and different analysis methods. Naturally, if analysis methods are consistent and efficient, the phylogenetic signals are congruent and the amount of data that are available is sufficient, we should inevitably get the same answer. However, we know that HGT exists, so the question is 'what kind of answer will we get when we use different datasets and different methods of analysis?'.
While much of the focus on the issue of HGT has been on the long-term evolutionary history of prokaryotes, a number of studies have examined shallower relationships. Ochman et al. (2005) analysed HGT at the shallower taxonomic levels and concluded that while there was relatively frequent HGT between homologous genes within species, there was a much lower amount of HGT between homologues across the species boundary. Given that new genomes are being sequenced on a daily basis, we can examine what this structure means for microbiology. In particular, this might have an important consequence for our concept of a bacterial species.
If there is a valid, biological bacterial species concept, we might in the future ask what drives speciation; so from a number of perspectives, it is interesting to explore evolution at the boundaries of recognized species.
(b) A test dataset for exploring groups of genomes The exemplar group we have chosen to study consists of Yersinia, Escherichia, Salmonella and Shigella, sometimes termed the YESS group of g-proteobacteria.
These are facultatively anaerobic Gram-negative rodshaped bacteria that are catalase positive and oxidase negative (Brenner 1984) . The YESS group is of particular interest as many members are human pathogens. For instance, Yersinia pestis was the causative agent of the bubonic plague that killed an estimated 75 million worldwide during the 1300s. Shigella and enteroinvasive Escherichia coli (EIEC) are the aetiological agents of bacillary dysentery or shigellosis, of which there are an estimated 160 million cases worldwide a year, with approximately 1.1 million deaths, mainly in children under the age of five (Kotloff et al. 1999) . Salmonella infection, known as salmonellosis, induces vomiting, diarrhoea, fever and abdominal cramps and can last several days. Outbreaks of YESS group-associated diseases are common (Tacket et al. 1985; Mahon et al. 1997; Lee et al. 2000; Varma et al. 2003) , and consequently at the time of writing, this group of prokaryotes is the most extensively sampled in genome sequencing projects, making it useful to illustrate the points we wish to make.
The phylogenetic relationships of different Shigella strains have been the subject of intense debate in recent years. Joshua Lederberg famously said that Enterohaemorrhagic E. coli were 'Shigella in a little cloak of E. coli antigens'. Shigella are essentially E. coli that have acquired a virulence plasmid (VP) (Sansonetti et al. 1981; Lan et al. 2001) . There are two conflicting theories on the origin of Shigella. The multiple independent origin theory (Pupo et al. 2000) suggested that Shigella strains formed through multiple acquisitions of the VP. The analysis of Pupo et al. found three clusters of Shigella strains occurring within E. coli and concluded that Shigella strains, much like EIEC, do not have a single evolutionary origin. Later it was argued that there was a single origin of Shigella (Escobar-Paramo et al. 2003) . The argument was based upon similarities between the phylogenies of genes on the VP with phylogenies for chromosomal genes. Because the phylogenies did not conflict significantly, Escobar-Paramo et al. (2003) suggested that there was a single ancestral VP that accounted for the emergence of Shigella and that the VP has not been horizontally transferred (as the multiple origins theory would imply). Any conflicts in the trees were said to be accounted for by transfer of fragments of the VP as opposed to the transfer of an entire VP. More recently, in 2007 , Yang et al. (2007 revisited the two hypotheses using more robust data and found support for the multiple origin hypothesis. Like Pupo et al., they found three major clusters of Shigella. They concluded that ancestral VPs entered various strains of E. coli and that convergent evolution explains why we see diverse Shigella genomes with similar phenotypic properties.
The issue that we see with Shigella and E. coli typifies the problem that we have with microbiology in the age where we still have not routinely sequenced whole genomes for many isolates in order to assist in defining a species. Given a phylogeny based on a single gene we might make one kind of inference, whereas a phylogeny based on a different gene might result in an entirely different inference. Soon, we will routinely sequence completed genomes from multiple strains of the same species. This means that if we want to use a genome-assisted phylogenetic scheme (and indeed, we probably should), then we need to understand the signals we see in genomes.
(c) Many methods and many data types Phylogenies based on housekeeping genes such as gyrB, tufA and atpD are often compared with those based on 16S rRNA phylogenies (Dauga 2002; Purkhold et al. 2003; Paradis et al. 2005 ). The goal of comparing genes is to examine linkage disequilibrium or recombination or to overcome systematic biases (Cooper & Feil 2004 ) that might be present in one molecule and not in another. Methodological problems that are encountered during phylogenetic analysis include artifacts related to both molecular and lineage-specific differences in evolutionary rates and mutational saturation (Doolittle 1999) . These processes can sometimes be detected and if an appropriate model of sequence evolution is available, they can be overcome . It has been shown that HGT can occur in genes that have been cited as unlikely candidates, including ribosomal proteins (O'Neil et al. 1969) . One study has even shown that it is possible to replace the 16S rRNA of E. coli with the corresponding sequence from Proteus vulgaris, though there is an associated drop in growth rate of between 10 and 30 per cent (Asai et al. 1999) .
The technique of data concatenation is often used in order to reconstruct phylogenetic relationships (Sanderson et al. 2003) . This usually involves multiple gene sequences being concatenated and aligned as a single sequence. Using this greater number of genes is supposed to bring out the true phylogenetic relationships, the theory being that signal, even when it is weak, is cumulative, whereas homoplastic noise will be dispersive (Sanderson et al. 2003) . However, in general data concatenation is usually based on small sets of genes. For example Ciccarelli et al. (Ciccarelli et al. 2006) used only 31 genes, or less than 1 per cent of the genes in the average genome (Dagan & Martin 2006) , in their data set, to determine the relationships for 191 species. Also, data concatenation can sometimes produce misleading results. Rokas et al. (2003) claimed to have found the correct species tree for eight yeast genomes using data concatenation. The concatenated data, consisting of 106 nuclear genes, resulted in maximum bootstrap support for a single topology. Later, this dataset was re-analysed by Phillips et al. (2004) who found that by using a different method of analysis a different tree, also with maximum bootstrap support could be found, and that longer sequences (typical of those used in data concatenation) exacerbate the potential for systematic error in phylogenetic analysis. This is not the fault of concatenation per se; however, concatenation generally leads to long sequences, so this is an importation factor to consider when using concatenated data.
Supertree methods of inferring phylogeny address the weakness of using a tree based on a single alignment by combining data from several input trees into a single representative phylogeny (Creevey & McInerney 2005) . Supertree methods offer the advantage that the leaf sets of the input trees need not match each other exactly, merely overlap. At the level of gene families, this means that it is not necessary for every organism under investigation to have a copy of every gene. Additionally, it is possible to carry out a post hoc analysis of agreement between input trees and supertrees in order to assess congruence (Creevey et al. 2004) . These are key points in favour of phylogenetic supertrees. If we intend on generating concatenated alignments of multiple loci for prokaryotes, then we will have to trim the data in order to remove genes with conflicting phylogenies ) and the final datamatrix could be very sparse with more gaps than filled cells.
Suitable gene families can be identified using accepted criteria for asserting homology, the phylogenetic relationships inferred from these homologues can be extracted and used to build the supertree. By using large numbers of gene families, the final supertree is based upon many more relationships between the genomes in a given data set than by simply using a small number of genes to build a phylogeny. On this basis, supertree-based studies have become increasingly popular in recent times (see Beiko et al. 2005; Pisani et al. 2007 ). However, there are limitations associated with supertree construction. Probably the biggest drawback is the inability of current software to handle gene families where paralogous sequences are present. This limits the number of gene families used to build the final supertree, given that paralogues are frequent, even in prokaryotic genomes. Some methods can be used to deal with this in part, such as deletion of lineage-specific duplication events, but ultimately the problem is still a serious one. Another problem with supertree methods is that the quality of the supertree is based on the quality of the input data, in this case the input trees. If the input trees themselves have low levels of support for the relationships they represent, or if they do not overlap sufficiently (Scornavacca et al. 2008) , or if some organisms are not well represented, then the quality of the supertree will also suffer. However, unlike the issue of using single-gene families, these problems can be addressed to a certain extent by employing various methods to ensure the input trees are of sufficient quality for supertree construction, such as removing poorly aligned regions (Talavera & Castresana 2007) , removing alignments with little signal or removing very short alignments. These kinds of alignment and regions of alignments are expected to confound phylogenetic inference (Talavera & Castresana 2007) .
The purpose of this study is to demonstrate the difficulty associated with using genome data to construct a phylogeny of the YESS group using many of the methods listed in the previous paragraphs, namely single-gene phylogenies, data concatenation and supertree analysis. We are doing this in order to test whether these organisms can be robustly classified, whether there is a meaningful phylogenetic tree that is agreed upon by a considerable amount of the data and whether there is general agreement across all methods and all data. We have specifically chosen to look at shallow-level relationships both inside and outside the species boundaries, as they are currently understood.
MATERIAL AND METHODS (a) Genome sequences
The GOLD database (http://www.genomesonline.org/) was used to obtain the genome for 27 completed YESS group genomes. This included eight Yersinia, eight Escherichia, five Salmonella and six Shigella genomes. A full list of the individual genomes can be found in table 1 in the electronic supplementary material.
16S rRNA tree: 187 16S rRNA sequences from the 27 YESS group genomes were downloaded from GenBank. These sequences were aligned using ClustalW v. 1.83 (Thompson et al. 2002) . A phylogenetic tree was constructed using model selection and maximum likelihood as described in the Multiphyl (Keane et al. 2007 ) documentation.
(b) Identification of single-gene families Gene families were identified using the Random-BLAST method as described in Fitzpatrick et al. (2006) . A total of 8736 gene families were recovered. The set of gene families was then filtered to remove families with fewer than four sequences, which is the smallest number of sequences required to build a non-trivial phylogenetic tree. This left 4693 gene families. Out of these families, 3109 were found to be single-gene families, with at most one representative sequence from each of the 27 genomes.
(c) Multiple sequence alignment of remaining single-gene families The corresponding amino acid sequences of the 3109 single-gene families were used as input to ClustalW v. 1.83 (Thompson et al. 2002) for multiple sequence alignment. A total of 3109 alignments were produced. Each of the 3109 alignments was input into Gblocks (Talavera & Castresana 2007) to remove poorly aligned regions. A shell script (available on request) was created to remove badly aligned regions in a more relaxed manner than the default Gblocks settings. We set the minimal length of a block to 8 amino acid positions, and the maximum number of allowed contiguous non-conserved amino acid position to 15. Gapped sites were not systematically removed; rather they were treated as any other site in the alignment. Perl scripts were written to remove alignments that had fewer than 150 residues following analysis by Gblocks. This left a total of 1960 alignments.
The remaining alignments were converted to nexus format, and a PAUP* (Maddison et al. 1997) block for carrying out a permutation-tail-probability (PTP) test was added to each nexus file. The nexus files were then executed in PAUP* and a PTP test was carried out on each alignment. The resulting p-values gave a measure of confidence in the strength of the signal within the alignment. Only alignments passing the PTP test, i.e. those with a p-score of 0.01 were retained. A total of 1408 alignments were found to pass the PTP test. Nucleotide sequence alignments were then constructed based on these amino acid alignments.
(d) Construction of phylogenetic trees Maximum likelihood phylogenetic trees for the 1408 alignments were constructed using MultiPhyl (Keane et al. 2007) , with the model selection option set to yes. This resulted in 100 bootstrapped trees for each alignment. Each set of 100 bootstrap replicates was then summarized as a majority-rule consensus tree using Consense (Felsenstein 1993) . The default settings were changed so that only nodes receiving 70 per cent support or greater were shown to be resolved on the resultant output tree. This produced 1408 consensus trees, one tree for each of the 1408 alignments. These trees were used for the supertree analysis.
(e) Supertree construction Clann (Creevey & McInerney 2005) was used for supertree construction. A variety of different supertrees were constructed using the dfit optimization function. All other settings were left on their default values. Bootstrap resampling (100 replicates) of the input data was carried out and supertrees generated using these pseudoreplicates were summarized using a majority-rule consensus method.
(f) Input tree-to-supertree distances The Treecompare software (available from authors) was used to measure the level of incongruence between the input trees and the dfit supertree. A score was generated for each of the 1408 input trees in terms of dissimilarity to an appropriately pruned supertree. This score was based on the RobinsonFoulds distance metric (Robinson & Foulds 1981 ). An Excel spreadsheet containing the input trees and their score against the dfit supertree can be found in the electronic supplementary material.
(g) Minimum-evolution tree The nucleotide data for the 1408 single-gene families was aligned by translating the individual sequences into their corresponding amino acid sequences, aligning the proteins using ClustalW v. 1.83 and putting the gap characters into the nucleotide sequences according to where they were found in the amino acid sequences. These data were then analysed using PAUP (Wilgenbusch & Swofford 2003) using the GTR distance matrix method with the optimality criterion set to minimum evolution.
(h) Four-taxon trees We obtained genome sequences for six groups of prokaryotes for which there were multiple within-species genomes available. We chose four taxa in each case and using homology-based detection, we identified putative orthologues by choosing only gene families where there was one copy of the gene in every genome. We then constructed alignments for these putative orthologues, removed badly aligned regions using Gblocks and carried out a PTP test. This identified all alignments where there was some kind of evolutionary signal that was stronger than might be expected from random sequences. We labelled these alignments with the epithet 'signal'. We then used maximum likelihood to infer which of the three possible topologies was the best fit to the data. We carried out a Shimodaira-Hasegawa (SH) test (Shimodaira & Hasegawa 2001 ) in order to identify those datasets where the best-fitting topology was significantly better than the other two topologies. We labelled these datasets 'strict signal'. Lastly, we used bootstrap resampling of all alignments in order to find out what proportion of the alignments supported each of the three topologies. We partitioned the data into sets of alignments based on whether the internal branch on the four-taxon tree received at least 70 per cent bootstrap support or 100 per cent bootstrap support. We used such a variety of filtering regimes in order to explore the sensitivity of the results to differences in data treatment.
(i) Ribosomal RNA sequence analysis All 16S rRNA sequences were aligned using ClustalW v. 1.83. The alignment was inspected by eye and ambiguously aligned regions were removed. The alignment is available as electronic supplementary material. Using standard methods for finding the optimal model of nucleotide substitution (Keane et al. 2006) , we used the HKYþIþG model for all subsequent phylogenetic analyses. Confidence in phylogenetic hypotheses was assessed using bootstrap resampling and results are presented following 100 bootstrap replicates.
(j) Housekeeping gene analysis The three housekeeping genes, atpD, gyrB and trpB, were retrieved from each genome using BLAST. The sequences were aligned using ClustalW v. 1.83. Upon inspection of the alignments, no further changes were felt necessary because the sequences were strongly conserved and the alignments seemed sensible (alignments available on request).
RESULTS
We have explored a small number of genomes to see the levels of conflict and congruence that different phylogeny reconstruction approaches will uncover. We demonstrate that there is a high level of heterogeneity in the data and the results we might see for one species do not necessarily generalize to all species. For a selection of Enterobacteriacece, we have analysed the entire complement of 16S rRNA genes, three commonly analysed housekeeping genes, a concatenated alignment of all 1408 genes where we could unambiguously assign orthology and a supertree of the same 1408 genes. In addition, we have analysed a number of four-taxon phylogenetic trees from strains within the same species and for species within the same genus in order to examine if the results generalize outside of our group of Enterobacteriacece.
(a) 16s rRNA gene tree We used every16S rRNA gene from the 17 genomes. This came to a total of 187 genes in our alignment. The broad topology of the 16S rRNA tree, as outlined in figure 1 , is in line with expectations. Yersinia and Salmonella both form monophyletic groups while Shigella groups within Escherichia. However, many of the other features of the tree are unusual. Firstly, in general, the 16S rRNA genes within each genome do not form monophyletic groups with one another, with only two such species-specific clades found on the tree. Shigella is non-monophyletic, with multiple Shigella groupings within the Escherichia clade. The simplest interpretation of the data is that homogenization of ribosomal RNA genes is not sufficiently rapid that each genome has its own unique kind of 16S gene. This means that a genome-of-origin cannot be assigned based on the sequence of the 16S rRNA gene. The alternative explanation is that 16S rRNA genes are being exchanged between strains by some recombination mechanism. What we do see, in general, is that for this collection of genomes there are three kinds of 16S rRNA-a Yersinia-type of rRNA, a Salmonella-type of rRNA and an Escherichia/ Shigella-type of rRNA.
(b) Concatenated atpD, gyrB and trpB tree Figure 2a -c shows the trees for the three housekeeping genes atpD, gyrB and trpB. Once again, in all trees we find a monophyletic grouping of Yersinia, a monophyletic grouping of Salmonella and the Shigella sequences are mixed with the E. coli sequences. A closer analysis of these gene trees reveals some common features. Assuming a rooting in the centre of the circle trees shown in figure 2, Yersinia enterocolitica is the deepest branch in each tree, followed by Yersinia pseudotuberculosis. Yersinia pestis Microtus and Yersinia pestis Mediaevalis group together in the gyrB tree and tryB tree. The relationships for the Salmonella genomes show a similar level of conflict. Salmonella enterica Typhi Ty2 and S. enterica sv Typhi CT18 group together on all the trees. The other three Salmonella strains are found located in different positions in each tree. In the gyrB and trpB trees, E. coli MG, E. coli W, E. coli 0157 and E. coli Sakai form a group outside the subclade formed by the remaining four E. coli and six Shigella strains. The atpD tree is different, with the 0157/Sakai group outside the Shigella, while E. coli 06 K15 moves from outside Shigella to a grouping with Shigella sonnei.
Conflicting phylogenetic trees L. S. Haggerty et al. 2213 Using the CONSEL software (Shimodaria & Hasegawa 2001), we carried out a number of analyses of the significance of the difference between the trees generated from the three housekeeping genes. For each alignment, we took the maximum likelihood tree and we tested whether its topology was within the confidence set of trees for the other two alignments. The results are presented in the electronic supplementary material, and for each alignment, the two trees that were not derived using that alignment were rejected by 23 out of 24 tests. The single exception among the 24 tests was where the SH test did not consider the topology of the gyrB tree to be outside the confidence set of trees for the trpB alignment and therefore did not reject that topology (p ¼ 0.132). Notably, all other tests of the significance of difference for this alignment and tree combination rejected the topology of the gyrB tree.
The tree from the concatenated alignment is shown in figure 2d and it has elements of the relationships found in each of the individual gene trees though it ultimately conflicts with all of them as a result. This is not unexpected given the conflict between the gene trees themselves. All things considered, we feel that little confidence can be invested in the relationships on the tree based on concatenated data.
(c) Supertree of 1408 single-gene families Figure 3 shows a supertree constructed from 1408 single-gene families derived from nucleotide alignments. The supertree recovered using these shows strong support across the majority of the tree. Some low support values exist in the Yersinia clade, but in general the tree has strongly supported relationships, probably indicative of the greater amount of signal in the nucleotide sequence data.
(d) Minimum-evolution tree of concatenated data Figure 4 displays the tree recovered using minimumevolution criterion for a concatenated alignment of the same 1408 single-gene families used for the construction of the supertree. Minimum evolution was used instead of maximum likelihood because of the length of the alignment (1 537 155 bases). The concatenated data tree shows strong support for the majority of the nodes in the tree. Weak support is present only towards the base of the Yersinia clade and at the node separating the Salmonella clade from the Escherichia/ Shigella clade.
(e) Tree-to-supertree distances for 1408 source trees One of the most interesting questions is whether or not the various phylogenetic trees we use as input to generate the supertree are similar in topology to an appropriately pruned supertree. Tree-to-tree distances from the 1408 ML input trees to the supertree were calculated using the Robinson -Foulds distances (Robinson & Foulds 1981) as implemented in the Treedist program in the PHYLIP package. This calculates the number of elementary operations required to convert one phylogenetic tree into another. Therefore, a distance of two indicates that two nearest-neighbour branch swaps are required to convert one tree into another. The average input tree-to-supertree distance was 1.1733 (median 1.168, range 0.181 -3.458), with no trees receiving a score of zero, meaning no conflict between the topologies of these trees and the supertree. The number of leaves on these 11 nonconflicting trees varied from four to seven sequences. This is understandable, given that fewer leaves on the tree provide fewer opportunities for conflict with the topology of the supertree. Input trees based upon families with larger numbers of sequences were, in general, responsible for much of the conflict observed, though it should be noted that since 587 of the 1408 families were universally distributed across the 27 genomes, some of this is simply a reflection of the abundance of widely distributed genes in the data. In terms of phylogenetic conflict, of the families with the largest tree-to-tree distances compared with the supertree, many were found to be ribosomal or ribosome-associated proteins. Because of the high level of similarity in the sequences of these genes, there is little statistical support for the input trees. While the groups themselves may be well defined, the lack of resolution of the internal relationships within a group leads to conflict with the supertree. We examined a number of four-taxon datasets from a diverse range of prokaryotes. A four-taxon dataset can return only three possible unrooted bifurcating trees. Therefore, we can carry out some useful comparisons. We can ask if one of the trees is preferred (supported by the majority of the data) all of the time, or if two of the trees are preferred and one is not, or if none of the trees is particularly better supported than any of the others. We expect that some of the trees have no significant support for any given topology, either because superimposed substitutions have overwritten the phylogenetic signal or because there are too few mutations to make a statistically robust decision on which tree(s) is/are preferred. However, we might also expect to see some trees strongly supported, and by analysing these particular trees, we might gain some insight into the nature of HGT in the organisms under study.
Our results in table 1 illustrate that there is considerable variation in the frequency of HGT in our datasets. The rate of HGT is generally decreasing from the taxa on the left of table 1 compared with the taxa on the right. Our filters include the elimination of four-sequence alignments that do not pass a standard PTP test (the 'signal' datasets) and a further test of whether the 'winning tree' seems to be significantly better fit to the data than the two alternatives (the 'strict signal' datasets). We further screened the resulting phylogenetic trees by analysing those where the single internal branch received a bootstrap support value of 70 per cent or whether it got a score of 100 per cent (meaning that none of the alternative hypotheses was seen during bootstrapping). These filters were implemented because we do not wish to make any decisions on whether there are conflicting phylogenetic signals unless there is strong support for incompatible hypotheses of relationships.
DISCUSSION
We have analysed a set of taxa that are known to be closely related and where there is some confusion over whether there is a total of three or four valid taxa within the group. This test dataset is emblematic of the issues that crop up in employing genome-scale data to answer questions concerning the evolutionary history of prokaryotes.
Three groups were consistently recovered from our analysis, irrespective of the method chosen to infer phylogenetic relationships. These were the Yersinia group, the Salmonella group and the Escherichia/ Shigella group. We did not find that there was a single origin of Shigella (Escobar-Paramo et al. 2003) , rather, we found multiple origins, in accordance with the findings of Pupo et al. (2000) . We did not find that the three groups were a single homogenous entity; we did find partitions. There were clear boundaries, and none of our analysis methods broke these boundaries. This sets up the possibility of describing bacterial species according to a bacterial genomic species concept. If we found that using genome data, there were no clear distinctions between the groups, then there would be no need for a bacterial species concept because the idea of a species would be outdated.
One of the weak features of this kind of analysis is the sampling issue. Having so few genomes to work with means that we are unlikely to have probed the boundaries of the species lines as they are depicted in the figures in this paper (we would naturally place E. coli and Shigella spp. into the same genome-species group). We will know in the future if these discrete boundaries hold steady or if they break down.
When we look within each of the groups, the story is clearly somewhat different. There were very few recurrent themes across different analyses and different datasets. Unlike Ochman et al. (2005) , we did not analyse only those gene families that were found in all genomes; we analysed all gene families, even those with a patchy distribution.
The 16S phylogeny produced a result that might be considered contrary to expectations. Homogenization of all 16S sequences within a genome was not complete. Depending on the copy of the 16S gene that might be used, the resulting phylogeny can be different. Although we speculate that this is because homogenization is not fast enough that all copies of the sequence are the same in each genome, it is just as parsimonious to hypothesize that there has been recombination between strains and this is the reason for the absence of within-genome monophyly. The three major groups are recovered on this 16S rRNA tree, and this suggests that either homogenization is rapid enough to avoid the intermingling of sequences across the three major groups or sequence divergence has been sufficient that homologous recombination is much less frequent across the genome-species divide.
When examining the results of concatenating the sequences of atpD, gyrB and trpB, the same three major groups are recovered in each tree, but the internal relationships differ significantly (as judged by a number of tests using CONSEL (Shimodaira & Hasegawa 2001) ) from tree to tree. In fact there is little to no agreement over the internal relationships of the groups. By concatenating the data and reconstructing a representative phylogeny, we can produce a result that is a mixture of the information contained in three conflicting topologies, but it is not clear what this tree means and in fact, we would suggest that it is meaningless. This kind of approach has been used previously to assess congruence with 16S rRNA phylogenies in a large number of Streptomyces, and it has been reported that the results were 'obviously superior to the 16S rRNA gene tree in both resolution power and topological stability' (Guo et al. 2008 ). The tree that we recover from this concatenated alignment has low bootstrap support, and we feel this reflects the fact that the individual trees have conflicting histories. As an approach to understanding the evolutionary history of the YESS group, this method seems to be ambiguous.
Both the 1408 gene nucleotide-based supertree and the minimum-evolution tree of the concatenated nucleotide data fare much better with regard to support for the hypotheses that they display. The trees agree completely in terms of the relationships for the Salmonella clade and only minor differences exist in the Escherichia/Shigella clade with the position of S. sonnei and the relationships between the three Shigella flexneri strains changing between the two trees. It should be noted that even though the differences are minor, they receive strong support in both trees. The major area of difference between the trees is in the Yersinia clade. The supertree shows weak support for some of the internal relationships while the minimum-evolution tree shows strong support for all the relationships bar the split between Y. enterocolitica and the rest of the clade. Do these trees have more meaning than the trees from the 16S rRNA gene or the housekeeping genes? This is a difficult question to answer. Are they simply revealing the central tendency in these large datasets? Possibly. Do these trees have real meaning in terms of revealing the evolutionary history of the groups?
Furthermore, there is no obvious reason to choose one tree over another. What does this tell us about the YESS group? Surely this is not a uniquely difficult group to analyse, yet after a thorough examination of the data, apart from concluding that there are three, not four major genome -species, we are left with as many questions as when we started. It has been previously argued that a tree-like phylogeny may exist only at the tips for prokaryotes and that the deeper branches may remain a mystery (Creevey et al. The number of genes that were used in signal. The number of genes that were used in strict signal bootstrap analysis.
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2004). Here we find that at the tips it may be impossible to derive a reliable phylogeny.
In an effort to illustrate further that it is difficult to derive definite conclusions, we carried out some fourtaxon analyses of genes in a variety of genera. We used at least three genomes from a single species and sometimes all four genomes were from the same species. As can be seen from table 1, the evolutionary histories of the genomes of the four Neisseria in our analyses are completely randomized. All three topologies are equally well supported. For the Escherichia dataset, there is somewhat less randomization, with topology 1 tending to be supported most often. For Streptococcus, each topology is supported by an appreciable amount of data, whereas for Staphylococcus there is clear support for one particular topology. Not enough chlamydial genes passed through our filters, so we cannot say anything about this taxon using these data. In Buchnera, where there is a vertical pattern of inheritance of the bacterium within an aphid host, there is no evidence for any HGT, with all gene trees supporting the same topology. This pattern of genome stasis has already been reported previously (Tamas et al. 2002) .
This analysis of these genera illustrates that whatever we might say for E. coli, it cannot be guaranteed that we can say the same about other organisms. Despite the fact that we now have more than 1800 sequenced prokaryotic genomes, sampling is still patchy, usually being driven by medical or economic factors and, therefore, is perhaps not representative of most species. We may have phylogenetic bias in the collection of organisms we are analysing. If in some cases we have sequenced closely related strains and in others we have sampled more distant strains, this can have an effect on our estimates of recombination rate and population structure.
Assessing deep-level phylogenetic relationships is fraught with difficulties related to HGT and erosion of phylogenetic signal; however, assessing shallow relationships is no less difficult.
